Abstract. Human perception of vibration could be the basic parameter in designing new buildings subjected to different type of transport vibrations. Humans are more sensitive for vibrations then building structure. In an increasingly urbanized city centres people are exposed to vibrations from different transport sources such as: tramways, railways, heavy truck traffic or subway especially when considered shallow underground. The aim of this paper is to investigate the use of two different evaluation methods of human perception of vibrations. Methods chosen for evaluation are: the basic root mean squared (RMS) method and the additional method of evaluation vibration dose value (VDV). The building chosen for analysis is subjected to three different vibration sources: tram, heavy truck and subway passages. It is located in Warsaw where is a shallow underground which could have significant influence on human response to vibrations because vibrations from this kind of source is more perceptible on lower floors. That is why measurement points were located in the middle of the floor on the ground floor and on the top floor. The registered signal from the three different sources of vibration was analysed according to RMS and VDV procedure included in ISO standard. RMS and VDV methods were compared with each other.
Introduction
In the last 25 years there has been rapid development of cities in Poland, at the same time there was an increase of residents' awareness about the environmental influences. People not only want to be an owner of an apartment or a house, but want to have assured the comfort in their resting places whether in the workplace. One of the aspect of indoor comfort is to ensure vibrational comfort in places occupied by people. Human perception of vibration is the main designing parameter for building subjected to dynamic influences because people are more sensitive than the structure of the building. Simultaneously human perception of vibration is a very subjective parameter which is better to investigate during in-situ measurements.
History of measurements of human perception of vibrations starts in early thirties of last century when Reiher and Meister's human response criteria appeared [1] . Then were some breaking points in developing of human perception during twentieth century like Wiss and Parmelee empirical formula [2] which was the basis of procedure included in ISO standard from 1974 [3] . Procedure in this first edition of ISO standard was not really precise. There were some levels of human vibration perception from imperceptible to comfortless (from level 1 to 5). This standard was not very useful. That is why in middle eighties second edition of ISO standard appeared [4] . The evaluation method included in that edition of the ISO standard is used by many researches till nowadays and it is the basis of many national standards of human perception of vibrations. This method called Root Mean Squared method (RMS) is the result of research conducted by Irwin [5] . This is the main procedure for human perception of vibration.
After that many researchers analyzed human response to vibration by different loading and application. There were analyzed different kind of excitation: impulse [6] , walking [7] , transport vibration [8] , wind [9] and different types of application like: residential [10] , commercial [11] or office buildings [12] . Researches like Griffin, Howarth, Mansfield during they long experience in analyzing of different physical quantities (acceleration and velocity), different assessment methods (running RMS method, RMS method and fourth power vibration dose method) and different frequency weighting curves, researched evaluation of human body comfort proposed evaluation method of vibration dose value (VDV) which is more sensitive for peaks in recorded signal then RMS method. It is worth noting that VDV method fully takes into account the time of exposure to vibrations. This method is the only method included in British standard of human exposure to vibrations [13] .
In latest version of ISO standard [14] there is one more methods of assessment: the running RMS method and the associated maximum transient vibration value (MTVV) but it is not as popular as RMS or VDV method. That is why in this paper only RMS and VDV methods were considered
Evaluation procedures

RMS method
RMS method according to latest update of ISO standard [14] is called "basic evaluation method" and it is defined using weighted RMS acceleration which should be calculated according to following formula:
In the same standard, there are guidelines for frequency weighted functions (weighted function in direction) and (weighted function in and direction) which are given in proper tables and illustrated in Fig. 1 . Values of frequency weightings in one third octave band determine lines characterizing the so-called vibration perception threshold. Fig. 1 summarizes the sensitivity threshold lines received in the direction (feet to head) and in the directions (back to chest, side by side). To create comfort lines form basic lines values defining these lines should be multiplied by the so-called correction factor " ". Values of factor " " are given in ISO standard [14] and they depend on destination of the room, time of occurrence of vibration, nature of vibrations and their repeatability. 
VDV method
VDV method in ISO standard [14] is an additional method which could be useful in situations when crest factor of the recorded signal is higher than 9. Crest factor is the modulus of the ratio of the maximum peak value of the signal to its RMS value. In practice, it means the signal with occasional shocks and transient vibrations. But it should be noticed that in British standard [13] VDV method is the only one method of assessment and in Australian standard [15] VDV method should be considered when the crest factor is equal 6 and higher.
The value of this parameter is determined by the formula:
.
The determined value of the vibration dose (VDV) is compared with the values given in standards [13, 15] . In the appropriate table the three levels of sensitivity to vibration are described. Level one (low probability of complaints) is comparable with vibration perception threshold (Fig. 1) . Highest level (adverse comments probable) could be compared with comfort limit. All three levels of vibration perception in residential rooms are listed in Table 1 [13] . The building chosen for analysis is the four-storey building with basement located in Warsaw caused by dynamic excitation from tram, subway and heavy truck passages. Measurement points were located at the first, second and fourth storey in the middle of residential room which is located close to excitation sources. Measurement lasted from 16.15 to 17.59. During that time, there were 26 passages registered: 11 trams, 10 subway, 1 heavy truck and 4 passages during which two different sources of vibration occurred. For all registered episodes RMS and VDV analysis were made.
RMS analysis
In 9 from registered 26 episodes vibration perception threshold was exceeded, in 5 of them also the comfort line during night was exceeded (" " factor equal 1.4) and in one episode both comfort lines during night and day (" " factor equal 4) were exceeded. The registered signal and RMS analysis for this extreme episode is shown on Fig. 2 .
All exceedances occurred in direction. Most of them are from tram passages, only one is from simultaneously passing tram and subway.
VDV analysis
In VDV analysis the most important is proper calculation of overall day (16 h) or night (8 h) exposure to vibration. That is why in [13] formula for so-called total value of VDV is given:
For every 26 vibration episodes VDV values were calculated and they are listed in Table 2 . As can be seen from above Table values of VDV in direction are much higher than in both horizontal directions. Grey marked episode is the same for which RMS analysis is shown on Fig. 2 . As also could be seen from Table 2 the highest values are vibrations caused by tram passages and these episodes influence on total value of . Subway passages give the smallest excitations which means that, despite of the fact that Warsaw Metro is shallow subway, vibroinsulation was made properly.
Because values in direction are dominant and significant, for day and night were calculated for that direction only. Some assumptions were made: during the day, the same intensity of transport passages was assumed as for representative measurement, for the night according to the subway and tram timetables intensity of passages was assumed to be 25 % of the representative. Appropriate values for day and night are as follows:
= 0.5807 -adverse comments possible; = 0.3453 -adverse comments possible. According VDV analysis comfort is not exceeded but residents may complain about vibrations.
Conclusion
Building taken to analysis is caused by three different vibration sources: tram, heavy truck and subway passages. Vibrations from subway may have crest factor higher than 9 [16] . In that kind of situation, the basic RMS method may underestimate the effects of vibration and according to ISO standard [14] one of additional method of evaluation should also be used. As additional method VDV value was chosen because of its application to signals with peaks and correlation with human sensation of vibration although it does not have physical meaning [17] .
Analysis for all 26 recorded vibration episodes were made. RMS and VDV analysis are convergent. Results of RMS analysis shown exceedance of perception threshold for 9 episodes and for 5 of them also comfort limit during night is exceeded, in 1 case also comfort limit was exceeded during daytime. According VDV method also 9 vibration episodes are higher than 0.1 which could be interpreted as exceedance of perception threshold during night, 5 of them have VDV values higher than 0.2 which in turn could be interpreted as daytime exceedance of perception threshold. VDV values of every of these episodes is lower than 0.4, so the comfort limit even for nighttime was not exceeded. But taking into account VDV values the whole time of vibration exposure should be considered. That is why total value of VDV during the night and day was calculated. Still comfort limit was not exceeded but both night and day VDV values indicate that adverse comments are possible because these values are in the intermittent range of VDV evaluation. Analyzing individual vibration episodes, it could be seen that tram passages will play the major role in these residents' complaints.
